Glucocorticoids are widely used in conjunction with chemotherapy for ovarian cancer to prevent hypersensitivity reactions. Here we reveal a novel role for glucocorticoids in the inhibition of ovarian cancer metastasis. Glucocorticoid treatments induce the expression of miR-708, leading to the suppression of Rap1B, which result in the reduction of integrinmediated focal adhesion formation, inhibition of ovarian cancer cell migration/invasion and impaired abdominal metastasis in an orthotopic xenograft mouse model. Restoring Rap1B expression reverts glucocorticoid-miR-708 cascade-mediated suppression of ovarian cancer cell invasion and metastasis. Clinically, low miR-708 and high Rap1B are found in late-state ovarian tumours, as compared with normal, and patients with high miR-708 show significantly better survival. Overall, our findings reveal an opportunity for glucocorticoids and their downstream mediators, miR-708 or Rap1B, as therapeutic modalities against metastatic ovarian epithelial cancer.
O varian cancer is the sixth most common cancer in women. Approximately 225,500 women worldwide are diagnosed with this disease annually, with estimated 140,200 associated deaths 1 . Most patients already harbour metastasis upon initial diagnosis, and prognosis is poor with current standard therapies 2, 3 . Studies that devise novel therapeutic strategies against ovarian cancer metastasis are urgently warranted to improve patient outcomes.
Glucocorticoids (GCs) are known to exert pronounced effects on metabolism, differentiation, proliferation and survival of cells. Synthetic GCs, such as dexamethasone (DEX), are widely used as a pre-medication during chemotherapy to prevent hypersensitivity reactions in many cancer types 4 . Some in vitro studies suggest that GCs inhibit chemotherapy-induced ovarian cancer cell apoptosis [5] [6] [7] , raising the efficacy concerns. However, when comparing ovarian cancer patients who received chemotherapy concurrently with GCs and those without, there was no significant difference in survival 8 . Nevertheless, other than the use of GCs at the period of chemotherapy, currently no comprehensive studies suggest the other treatment possibilities of GCs, which might be beneficial to inhibit cancer metastasis as suggested by our current study. In terms of cell migration/ invasion, GCs seem to play suppressive roles through a number of different mechanisms, such as downregulation of RhoA 9 , Matrix Metalloproteinase 2/9 (MMP2/9), interleukin-6 and vascular endothelial growth factor expressions 10 , or by induction of E-Cadherin 11 . To date, no prospective analysis has assessed the effect of synthetic GCs on the tumour growth or metastasis of ovarian cancers. More studies are needed to clarify the exact roles and optimal time of GC administration in ovarian cancer therapy.
MicroRNA (miRNA)-708 has been reported to suppress cancer progressions in certain types of cancers [12] [13] [14] . Studies so far showed that miR-708 inhibited tumour growth either through targeting anti-apoptotic pathways 12 or by depleting CD44 þ cells 13 . Expression of miR-708 impaired breast cancer metastasis via modulation of neuronatin 14 . Despite these advances recognizing miR-708 as a potential tumour suppressor, its role in ovarian cancer has not been reported and the detailed mechanism of how miR-708 is under regulation remains elusive. In addition, it is likely that there exist additional miR-708 targets involved in the regulation of ovarian cancer progression and metastasis.
Synthetic GC treatments are widely used to support chemotherapy. However, little is known about the regulation of miRNAs through the GC-mediated signalling pathways. In the present study, we report the finding that GC treatments play a suppressive role in ovarian cancer metastasis via the induction of miR-708. Expression of miR-708 results in decreased ovarian cancer cell migration/invasion and metastasis mainly through targeting Rap1B. Furthermore, clinical data reveal that low miR-708 and high Rap1B levels are associated with advanced-stage ovarian cancer, and high miR-708 predicts significantly better survival. Overall, our study reveals a potential role and underlying mechanism of GCs in the suppression of ovarian cancer metastasis.
Results
MiRNA-708 is downregulated in metastatic ovarian cancer. To elucidate the differential expression of miRNAs during ovarian epithelial cancer metastasis, the in vivo selected lung metastasized the SKOV-3 cell line (SKOV-I6iv) 15 , and its parental line, SKOV-3, were subjected to miRNA array analysis. The heatmap demonstrated differentially expressed miRNAs among SKOV-3 and SKOV-I6iv cells (Fig. 1a, Supplementary Table 2 ). MiRNA-708 presented as the second most downregulated miRNA in the SKOV-I6iv cells compared with parental SKOV-3 cells. Several previously reported metastasis-related miRNAs were also identified in our array results, including miR-146a (ref. 16 ), miR-200s (ref. 17 ) and miR-218 (ref. 18) , validating the data reliability. We then analysed the expression of miR-708 in 271 human ovarian cancer specimens from commercial tissue arrays. The miR-708 level in primary tumours was significantly decreased in patients with advanced stages (III/IV) or harbouring metastasis, as compared with the normal ovary tissue or early-stage tumours (I/II; Fig. 1b,c) . Real-time reverse transcriptase (RT)-PCR showed a significant suppression of miR-708 levels in SKOV-I6iv cells (Fig. 1d) , as well as in two of the three in vitro-selected invasive ovarian cancer cell lines, TOV-112D and A2780 (ref. 15) . Although suppression of miR-708 in the A1847-and A2780-derived invasive cell lines (A1847-I4 and A2780-I4) was not as significant as in the SKOV-3 or TOV-112D cells, depletion of endogenous miR-708 by anti-miR-708 resulted in increased migration and invasion abilities in A1847, A2780 and their derived invasive cell lines ( Supplementary Fig. 1a ). Cell migration assays were performed by transwell Boyden chambers and also by scratch wound-healing assays. Cell invasion assays were performed by transwell Boyden chambers pre-coated with matrigel. The Matrigel used for coating invasion chambers resembles the extracellular matrix, and this in vitro assay is widely used to mimic invasion through the basement membrane by metastatic cancer cells. The role of miR-708 in ovarian cancer cell migration/invasion was then examined. Expression of miR-708 resulted in a significant inhibition of cell migration/invasion in transwell assay among all ovarian cancer lines tested (Fig. 1e) , . Twenty-four hours later, cells were subjected to migration (16 h ) and invasion (24 h) assays. (f) SKOV-I6iv cells transfected with miR-708, miR-708 together with anti-miR-708 or s.c. were incubated for migration (6 h ) and invasion (8 h) assays. (g) Left: histology of metastasized lungs from mice intravenously injected with SKOV-I6iv cells stably expressing miR-708 (n ¼ 9; bottom) or vector control (n ¼ 6; up). Images show H&E staining. Scale bars: 100 mM. Right: statistical analysis of total metastatic area in the lung. Ten pictures were taken for each mouse. The dots represent the means of individual mice. Student's t-test (two-tailed) was used to compare two groups. (h) Left: SKOV-I6iv cells with miR-708 expression or vector control were orthotopically injected into the bursa of the mouse ovary. The kinetics of cancer metastasis to the abdomen cavity was monitored by BLI. Representative BLIs are shown at day 28 after implantation. Right: quantification results of abdominal metastases by BLI measurements (Total BLI minus primary tumour BLI). Data are normalized to the mean of vector control group (n ¼ 6). Student's t-test (two-tailed) was used to compare the two groups. (i) Individual abdominal organ metastasis was measured 30 days after orthotopic implantation using real-time RT-PCR. Human-specific GAPDH levels were used to quantify metastatic SKOV-I6iv human cells. Data represent normalized means±s.e.m. (n ¼ 10; data were combined from two separate experiments). Data in d-f represent normalized means±s.d. (n ¼ 3). Student's t-test (two-tailed) was used for statistical analysis (*Po0.05; **Po0.01; ***Po0.001).
as well as inhibition in wound-healing migration assay ( Supplementary Fig.1b) . The SKOV-I6iv cells displayed higher migration/invasion ability, as compared with SKOV-3 cells, and this ability was inhibited by miR-708 ( Supplementary Fig. 1c) . Moreover, we found that anti-miR-708, an antagonist of miR-708, fully reversed the inhibition of migration/invasion by miR-708 in SKOV-I6iv cells (Fig. 1f) .
The suppression of ovarian cancer metastasis by miR-708 in mouse models was examined. SKOV-I6iv cells stably expressing miR-708 ( Supplementary Fig. 1d ), with significantly reduced migration/invasion ability ( Supplementary Fig. 1e ), were injected into the tail vein of severe combined immunodeficient (SCID) mice. Mice in the miR-708-expressing group demonstrated significantly reduced lung metastatic tumour areas relative to the control (Fig. 1g) . No metastases were observed from organs other than the lung in this model. SKOV-I6iv cells expressing miR-708 were also orthotopically injected into mouse ovarian bursa, and the metastasis status was monitored by bioluminescence imaging (BLI) facilitated by stable expression of the luciferase gene. BLI analysis indicated that expression of miR-708 resulted in significantly reduced abdominal metastasis relative to the control (Fig. 1h, Supplementary  Fig. 1g ). Individual organ metastases were determined by the operator's observation ( Supplementary Fig. 1h ), or by quantification of human-specific GAPDH RNA levels (Fig. 1i) . Impairment of metastasis was observed in the miR-708 expression group among various abdominal organs, including the liver, omentum and gastrointestinal (GI) tract, as compared with the control. Notably, the tumour sizes were significantly reduced in miR-708-expressing tumors ( Supplementary Fig.1i ), while cell proliferation rates in vitro were not affected ( Supplementary Fig.1j ). Overall, our results demonstrate the ability of miR-708, which is downregulated in the advanced tumour types, to attenuate ovarian cancer-cell migration/invasion and metastasis.
GC signalling controls miRNA-708 transcription. A study searching for differential miRNA expression in acute lymphoblastic leukemia (ALL) samples revealed that upregulation of miR-708 was associated with in vivo GC response in childhood ALL 19 ; therefore, GC-mediated signalling may be involved in the regulation of miR-708 expression. Since miRNA-708 is an intronic miRNA encoded in the first intron of the ODZ4 gene (also known as Teneurin-4) 12,20 , we tested both ODZ4 and miR-708 expressions in the presence of synthetic GC, DEX. Both miR-708 and ODZ4 expressions were significantly induced by the treatment with DEX (Fig. 2a) and another synthetic GC, prednisolone ( Supplementary Fig. 2a ), in SKOV-3 cells. Similar induction of miR-708 and ODZ4 by DEX was also observed in TOV-112D cells (Supplementary Fig. 2b ). Depletion of GRa by small interfering RNA (siRNA) in SKOV-3 cells demonstrated inhibition of both miR-708 and ODZ4 expressions (Fig. 2b) induced miR-708 and ODZ4 expression (Fig. 2c) indicating that de novo protein synthesis was not required for GRa-induced miR-708 and ODZ4 transcriptions.
We then sought to identify the promoter region of miR-708 responsible for GC-mediated signalling. Four potential promoter regions were identified (promoter 1-4, Fig. 2d ). The upstream genomic region proximal to the ODZ4 first intron start site contains CpG islands (3,842 bps) that are highly conserved among mammals, which may serve as the promoter region for ODZ4 and miR-708 (promoter-1 to -3). On the other hand, the region within 2,000 bps upstream of miR-708 may contain an independent promoter for miR-708 alone (promoter-4) 14 . To localize the promoter regions, we constructed reporter plasmids carrying promoter-1 to 4 ( Fig. 2d ) and assayed their luciferase activities. Results demonstrated that only the promoter-3 region among the CpG islands had an over 40-fold higher promoter activity in SKOV-3 cells compared with that of the vector control (Fig. 2d ). This promoter activity was further enhanced by 1.5-folds in the presence of DEX. Chromatin immunoprecipitation (ChIP) assay was then performed to confirm the recruitment of GR to the promoter-3 region in the presence of DEX (Fig. 2e,f) . Our findings suggest that the promoter-3 region contains the miR-708 promoter responsible for its GC-mediated regulation in ovarian cancer cells.
To assess the function mediated by GC signalling, we examined the migration/invasion in the presence of different concentrations of DEX (10 nM, 100 nM and 1 mM). Migration/invasion was significantly reduced even by treatment with the lowest concentration of DEX in SKOV-3 cells ( Supplementary Fig. 2c ). We further depleted the endogenous miR-708 by anti-miR-708 in SKOV-3 cells in the presence of GCs. Migration/invasion was inhibited in both DEX- (Fig. 2g, Supplementary Fig. 2d ) and prednisolone-( Supplementary Fig. 2e ) treated SKOV-3 cells, and this inhibition was abrogated by anti-miR-708. Knockdown of GRa significantly abolished DEX-mediated inhibition of cell migration/invasion in SKOV-3 cells (Fig. 2h) , implying that DEX-mediated inhibition of cell migration/invasion was mainly through GRa. On the other hand, knockdown of ODZ4 did not rescue cell migration/invasion from DEX-mediated inhibition ( Supplementary Fig. 2f ), suggesting that the host gene itself was not involved in the GC-regulated cell migration/invasion. Overall, our results demonstrate that miR-708, together with ODZ4, are transcriptionally regulated by the GR-mediated signalling pathways.
MiRNA-708 suppresses migration and invasion via Rap1B. To identify miR-708-mediated downstream regulator in ovarian cancer metastasis, three target prediction algorithms (PicTar, Targetscan and miRanda) were applied. The first 100 picks from the three algorithms were selected, and from those only two genes overlapped, Rap1B and KIAA0355 (Fig. 3a) . Genes predicted by more than one algorithm are listed in Supplementary Table 3 . Rap1B, a known regulator of adhesion processes through integrin-mediated signalling [21] [22] [23] , thus stands as an excellent candidate involved in metastatic processes. Expression of miR-708 in the SKOV-I6iv cells resulted in a significant decrease of Rap1B in both mRNA (Fig. 3b) and protein ( Fig. 3c) , and this inhibition was abrogated upon co-expression of anti-miR-708. The Rap1B inhibition by miR-708 was also observed in other ovarian cancer cell lines ( Supplementary Fig. 3a) . Knockdown of the endogenous miR-708 by anti-miR-708 increased Rap1B protein levels in SKOV-3 cells ( Supplementary Fig. 3b ). Analysis using 3 0 untranslated repeat (UTR) luciferase reporter plasmids containing the miR-708 target sequences (wild-type or mutant) on Rap1B was performed to determine whether Rap1B was a direct target of miR-708. Expression of miR-708 caused a significant decrease in luciferase activity in the wild-type Rap1B 3 0 UTR, but not in the mutant form (Fig. 3d ). Co-expression of anti-miR-708 fully reversed miR-708-mediated inhibition, indicating that Rap1B is a direct downstream target of miR-708. Other genes reported previously as the miR-708 direct targets [12] [13] [14] 24 were tested in SKOV-I6iv cells ( Supplementary Fig. 3c) . Surprisingly, other than Rap1B, only the AKT2 mRNA level was slightly reduced in the presence of miR-708. Although our data only reflected mRNA levels, and some genes might be affected translationally, we decided to focus on Rap1B as the major target of miR-708 in ovarian cancer.
Rap1B, as a member of the small GTPase Ras-proximity-1 (Rap1), shares 95% amino-acid sequence identity with Rap1A 25 . The function of Rap1B and Rap1A in ovarian cancer migration/ invasion was then tested. Depletion of Rap1A or Rap1B by respective siRNAs demonstrated the expected efficiency and specificity (Fig. 3e) . Migration/invasion was significantly reduced in SKOV-I6iv cells with Rap1B, but not Rap1A, knockdown (Fig. 3f, Supplementary Fig. 3d ). Rap1B levels were reduced in DEX-treated SKOV-3 cells, accompanied by increased level of active GRa (Fig. 3g) , connecting miR-708-Rap1B regulation to the GRa signalling cascade.
To further investigate whether Rap1B causes the differences of migration and invasion between SKOV-3 cells and its derived invasive cell line, SKOV-i6iv cells, we manipulated Rap1B expression by either overexpressing haemagglutinin (HA)-tagged Rap1B in SKOV-3 cells or siRNA depletion of Rap1B in SKOV-I6iv cells (Supplementary Fig. 3e ). The overexpression of Rap1B in the less invasive SKOV-3 cells resulted in significantly increased migration/invasion, and this induction is comparable to that in the highly invasive SKOV-I6iv cells. The opposite phenomenon was also shown in SKOV-I6iv cells with Rap1B knockdown to a level comparable to that in SKOV-3 cells, resulting in a corresponding decrease in migration/invasion ( Supplementary Fig. 3f ). Meanwhile, we observed that the endogenous Rap1B expression was two-to three-folds higher in SKOV-I6iv cells than that in the parental SKOV-3 cells (Supplementary Fig. 3e ), which is negatively correlated with endogenous miR-708 expression in these two cell lines (Fig. 1d) .
MiRNA-708 impairs integrin-mediated cell adhesion. The Rap1 signalling axis has been shown to promote invasion and metastasis through facilitating integrin-mediated actin remodelling in human pancreatic carcinoma cells 26 and breast cancer cells 27 . The effect of miR-708 and Rap1B on the formation of focal adhesions (FAs) in SKOV-I6iv cells was examined by using immunofluorescence to monitor changes of FAs, the cytoskeleton and cell shape, following 90-min incubation on fibronectin (FN)-coated cover slips (Fig. 4a) . Expression of miR-708 or knockdown of Rap1B disrupted the spreading of cells (Fig. 4d) , reduced the number and intensity of FAs (Fig. 4b,c) , decreased the density of FAs per spreading area of the cell (Fig. 4e) , as well as decreased the recruitment of phospho-Paxillin (Y118) and phospho-focal adhesion kinase (FAK; Y861) to the FAs ( Supplementary  Fig. 4a,b) . The inhibitory effect by miR-708 was reversed by anti-miR-708. Tyrosine 861 of FAK is the major phosphorylation site for Src 28 , and this phosphorylation is crucial for integrin signalling-mediated promotion of epithelial-mesenchymal transition and migration 29 . Western blot analysis demonstrated that miR-708 overexpression or Rap1B knockdown decreased the level of p-FAK and p-Paxillin in SKOV-I6iv cells, and this reduction was abrogated by anti-miR-708 (Fig. 4f) . Meanwhile, depletion of miR-708 or expression of HA-tagged Rap1B in the parental SKOV-3 cells resulted in the increased FAs and cell-spreading abilities ( Supplementary Fig. 5a-f) , suggesting the possibility that miR-708 regulates formation of FAs and cell spreading via Rap1B.
We then examined the effect of miR-708 on adhesion ability. Expression of miR-708 or depletion of Rap1B significantly decreased the adhesion ability in SKOV-I6iv cells plated on FN (Fig. 4g) or Collagen-I (Supplementary Fig. 4c ). These data suggest that miR-708-mediated depletion of Rap1B is sufficient to impair integrin-mediated cell adhesion through disruption of FA formation.
To further assess whether GC treatments affect formation of FAs and cell adhesion abilities, DEX was applied to stimulate GCmediated signalling pathway in SKOV-I6iv cells. We found that DEX inhibited formation of FAs, spreading of cells, recruitment of p-Paxillin and p-FAK to FAs ( Supplementary Fig. 6a-g ), as well as the adhesion ability to FN-coated plates ( Supplementary  Fig. 6h ). These data tether GCs to the miR-708-Rap1B signalling pathway in its ability to modulate cell spreading and adhesion through regulation of FA formation.
Rap1B rescues miR-708-suppressed cell migration and invasion. To determine whether Rap1B is a functionally important target of miR-708 in ovarian cancer cells, rescue experiments were performed. HA-Rap1B rescued miR-708-mediated reduction in the number and intensity of FAs (Fig. 5a-c) , as well as inhibition of cell spreading (Fig. 5a,d ). The density of FAs per spreading area of the cell was also slightly inhibited by miR-708, and re-expression of HA-Rap1B rescued this inhibition (Fig. 5e) . The impaired recruitments of p-Paxillin (Supplementary Fig. 7a ) and p-FAK ( Supplementary Fig. 7b ) at FAs by miR-708 were also restored with HA-Rap1B expression. More importantly, the inhibition of migration/invasion by miR-708 was reversed in cells co-expressing HA-Rap1B (Fig. 5f) . Apparently, additional Rap1B above the endogenous level was not needed and was not able to significantly further promote FAs, spreading or migration/invasion in SKOV-I6iv cells. Overall, our results indicate that Rap1B is functionally important for miR-708-mediated regulation of ovarian cancer cell migration/invasion.
GC treatments suppress ovarian cancer metastasis. So far, we have demonstrated that GC-mediated signalling resulted in the inhibition of ovarian cancer cell migration/invasion mainly through miR-708-Rap1B regulation. We next examined this pathway in the in vivo mouse model. We first confirmed that miR-708 expression was significantly induced by the treatment with DEX in SKOV-I6iv cells (Supplementary Fig. 8a ), and then we established SKOV-I6iv-pSuper-GFP-Luc cells stably expressing Rap1B or green fluorescent protein (GFP) by lentiviral infection system for animal study. similar proliferation rates (Supplementary Fig. 8b ), and cells were implanted orthotopically to ovarian bursa of the SCID mice. Five days after implantation, we started intraperitoneal DEX administration three times a week until day 30. BLI data indicated that DEX injections resulted in a significant reduction of abdominal metastasis in the GFP-expressing group, while not much difference was found between PBS-and DEX-treated mice with Rap1B re-expression ( Fig. 6a,b; Supplementary Fig. 8d ). There were no significant differences in the sizes of primary tumours between the PBS-GFP and Rap1B groups with or without DEX treatment (Supplementary Fig. 8c ). The primary tumour sizes were slightly decreased in the DEX-GFP group (Supplementary Fig. 8c) , similar to the results we found in miR-708-expressing tumours (Supplementary Fig. 1i ). Individual organ metastasis was determined by the operator's observation ( Supplementary Fig. 9a ), or by quantification of the hGAPDH levels (Fig. 6c) . In agreement with the results we found in the miR-708-expressing tumour model (Fig. 1i) , we observed reduced metastasis in various abdominal organs in the DEX-GFP group, including the liver, omentum, GI tract and diaphragm (Fig. 6c) . Rap1B expression reversed DEX-mediated inhibition of metastasis in the liver, omentum and GI tract (Fig. 6c) . The incidence of diaphragm metastasis was similar between PBS-GFP and Rap1B groups with or without DEX treatment ( Supplementary Fig. 9a) ; however, the diaphragm-metastatic tumours were reduced in sizes in Rap1B groups with or without DEX treatment ( Supplementary Fig. 9b,  c) , implying that the microenvironment of the diaphragm may not be suitable for Rap1B-mediated tumour growth. To further study gene regulation by DEX treatment in vivo, levels of miR-708 and its downstream molecules were examined from the 4 5 1 2 3 4 5 6 7 8 9 10 11 12 13 6 7 ARTICLE orthotopically implanted primary ovarian tumours. Expressions of miR-708 were induced to over sevenfolds by DEX in both GFP and Rap1B groups, as compared with the GFP-PBS group (Fig. 6d) . Western blot analysis from orthotopic primary ovarian tumours revealed that DEX treatment reduced the Rap1B protein level in the GFP-DEX group (Fig. 6e,f) , correlated with our in vitro observation that expression of Rap1B was reduced in the presence of DEX (Fig. 3g) . Overall, we demonstrate for the first time that GC-mediated signalling inhibits ovarian cancer abdominal metastasis, and expression of Rap1B significantly restored metastasis from this inhibition.
Rap1B expression shows negative correlation with miR-708. In order to evaluate the clinical relevance of Rap1B in ovarian cancer progression, we analysed its expression in commercial cDNA arrays and frozen tissues obtained from Taipei Veterans General Hospital (TVGH). Since Rap1B shared 95% amino-acid identity with Rap1A, the lack of differential antibodies for IHC forced us to limit our study at the RNA levels. The Rap1B level in primary tumours was significantly increased in patients with advanced stages of this disease (III/IV) or harbouring metastasis, as compared with normal ovary tissues or early-stage tumours (I/II) ( Fig. 7a) , and this pattern was opposite to that of miR-708 (Fig. 1b,c) . We further analysed miRNA-708 and Rap1B expressions in 13 pairs of ovarian cancer carcinoma (T) with matched adjacent nontumour tissue (N), plus several unmatched N or T samples from TVGH (Supplementary Table 4 ). The miR-708 expression was significantly decreased in tumour samples, while expression of Rap1B was increased (Fig. 7b) , suggesting an inverse correlation between Rap1B and miR-708 expression.
MiRNA-708 expression is associated with patient survival. To further evaluate the clinical significance of miR-708 in ovarian cancer, 82 paraffin-embedded primary ovarian tumour specimens obtained from TVGH were analysed (Supplementary Table 5 ). As compared with low miR-708, patients with high miR-708 expression showed a significant better overall survival and relapse-free survival rates (Fig. 7c,d ), and this difference is statistically significant in the advanced (stage III/IV), but not in the early (stage I/II), stage diseases ( Supplementary Fig. 10 ), suggesting that miR-708 may have prognostic and therapeutic potentials for the future applications in the treatment of ovarian cancer.
Discussion
In this study, we have unveiled a novel regulatory mechanism by steroid hormones, GCs, and its effect on ovarian cancer metastasis. Signalling mediated by GCs induced miR-708 expression, leading to the suppression of Rap1B, the impairment of integrin-mediated FA formation, and suppression of ovarian cancer metastasis (Fig. 7e) . Our study implies the potential use of GCs or its downstream mediators to inhibit cancer metastasis. Previous studies presented controversial results in the use of GCs in ovarian cancers with respect to cancer cell apoptosis, survival and invasion as alluded to in the Introduction. Here we found that GC treatments reduced ovarian cancer metastasis through miR-708, unveiling a new potential of GC application in ovarian cancer therapy. We also observed an interesting phenomenon that treatments with higher concentration of DEX (20 mg per mouse each time) 7 showed neither inhibition of tumour growth and abdominal metastasis, nor induction of miR-708, suggesting the importance of the dosage of GCs given. Future studies are needed to elucidate the optimal timing, duration, dosage, as well as the choice of appropriate GCs to improve the treatment regimen.
In this study, we have identified the involvement of Rap1B in ovarian cancer metastasis. Given the high sequence identity (95%) between Rap1A and Rap1B, we surprisingly found that knockdown of Rap1A had no effects on ovarian cancer cell migration/ invasion (Fig. 3f) , suggesting the functional specificity of the two isoforms. Although the relative contribution of each isoform was not well discussed in earlier lines of work, several reports have revealed this nonredundant relationship between Rap1A and Rap1B. Isoform-specific knockout mice present different phenotypes 30, 31 . Rap1B-null mice are smaller in size and decreased integrin-mediated cell adhesion was observed. Moreover, Rap1A regulates endothelial cell junction through E-Cadherin 32 , while Rap1B determines neuronal polarity through sequential activation of Cdc42 (ref. 33) . Rap1A is predoominantly localized at the cell junctions, whereas Rap1B is more cytosolic and perinuclearly localized in endothelial cells 32 . Given the differential subcellular localizations, it is tempting to speculate that Rap1A and Rap1B may have distinct interacting complexes inside the cell.
To date, the role of Rap1 in the regulation of cell motility is still under debates. It has been shown that Rap1 activation by different Rap1 regulators, such as Rap1 guanine exchange factors (GEFs) or GTPase-activator proteins (GAPs), can either promote or inhibit cell motility and, moreover, to promote or inhibit metastasis in different cancer models 26, [34] [35] [36] [37] [38] [39] . Most studies so far mainly focused on controlling Rap1 activity by targeting distinct Rap1 GEFs or GAPs, such as Epac1 (refs 34,36) 39 , which may affect different pools of Rap1 at differential spatial locations and, consequently, lead to different outcomes. Here our data showed that suppression of Rap1B by miR-708 resulted in the decreased migration/invasion of ovarian cancer cells (Fig. 3) . Downregulation of Rap1 by other miRNAs was also shown to inhibit cell invasion in breast cancer 27 and oesophageal squamous cell carcinoma 41 . On the basis of those observations, we think that miRNA-mediated diminishment of Rap1 decreased its overall level, which in turn overrode spatial or temporal regulation of Rap1 signalling by different Rap1 regulators. Similarly, overexpression of Rap1 could also bypass the specific regulation of this molecule both spatially and temporally.
Namely, while regulation of Rap1 by its GEFs or GAPs could have distinct effect of differential subcellularly localized Rap1, miRNAs-mediated regulation of the molecule will be global decrease. Furthermore, with respect to the distinct isoforms, Rap1A and Rap1B, our data revealed that only depletion of Rap1B, but not Rap1A, significantly inhibited migration/invasion of ovarian cancer cells (Fig. 3f) , suggesting the dominant role of Rap1B in promoting migration/invasion. We propose that miRNA-708-mediated suppression of Rap1B plays an important role in inhibiting ovarian cancer cell migration/invasion and metastasis.
In summary, our study provides a new indication of GCs such as DEX for inhibition of ovarian cancer metastasis. It will be important to develop optimal regimen of GCs in terms of dosage and timing of treatments in combination with conventional therapies of ovarian cancer to obtain the maximal therapeutic benefits especially in the intervention of metastasis.
Methods
Cell culture and transfections. The human ovarian cancer cell lines SKOV-3 and TOV-112D were from ATCC (Manassas, VA). The A1847 and A2780 cells were obtained from Dr Stuart Aaronson (Mount Sinai School of Medicine). The selected invasive lines, SKOV-I6iv, TOV-I4, A1847-I4 and A2780-I4, have been described previously 15 . All cell lines were cultured in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS; Biological Industries, Israel) at 37°C in 5% CO 2 . Cells were transfected using Lipofectamine 2000 (Invitrogen). Twenty nanomolars were used for each miRNA, anti-miRNA or siRNA transfection. SKOV-I6iv cell lines stably transfected with pSuper-GFP-Luc or pSuper-GFP-Luc-miR-708 were established by selection with G418 (Sigma-Aldrich). Three individual clones were mixed in equal proportion as stable clones. The SKOV-I6iv-pSuper-GFP-Luc stable cells were further infected with lentiviral particles encoding GFP or Rap1B genes. These two stable lines were selected from mass culture by puromycin (SigmaAldrich). Nucleotides and reagents. The human Rap1B was amplified through PCR from cDNA of SKOV-3 cells, and cloned into the pCMV-HA vector. For miR-708-expressing vector, 88 bps of miR-708 precursor was cloned into the pSuper plasmid with GFP-Luciferase fusion protein (pSuper-GFP-Luc). For Rap1B-expressing vector, full-length Rap1B was amplified and cloned into pLKO.EGFP.puro lentiviral construct (national RNAi core facility platform, Taiwan) by replacing GFP to Rap1B. The precursor miR-708 was from Applied Biosystems (Carlsbad, CA), and anti-miR-708 was from GeneDireX (Vegas, NV). The GRa-, ODZ4-, Rap1A-and Rap1B-specific siRNA were from MDBio Inc (QingDao, China). Detailed sequences are listed in Supplementary Table 1 . DEX, prednisolone and cycloheximide were from Sigma-Aldrich, and MG132 was from R&D Systems.
Quantitative real-time PCR for genes and miRNAs. RNA was extracted from cells using TRIzol (Invitrogen) following protocols supplied by the manufacturer. First-strand cDNA was generated by ReverTraAce (Toyobo, Japan) using oligo-dT or corresponding miRNA RT primers. Real-time RT-PCR was performed on a CFX96 real-time PCR detection system (Bio-Rad). The KAPA SYBR FAST Universal qPCR Kit (KAPA Biosystems, MA) was used for gene detection. The KAPA PROBE FAST universal qPCR Kit together with Universal Probe Library no. 21 (Roche Applied Science) were used for miRNA detection. The mRNA levels were normalized with actin, while miRNA levels were normalized with U6. All the primer sequences used in this study are provided in Supplementary ChIP assay. ChIP material was prepared in accordance with the Magna ChIP (Millipore) manufacturer's guidelines. Briefly, 1 Â 10 7 SKOV-3 cells were treated with 1 mM DEX or DMSO control for 3 h, and then ChIP assay was performed. IP was applied using 1 mg GR antibody (Cell Signaling) and equivalent amount of Rabbit IgG and H3 antibody (Millipore). PCR primers were designed on the promoter-3 region of ODZ4, and primer sequences used are provided in Supplementary Table 1 . The PCR products were visualized using agarose gel electrophoresis or quantitative PCR. Experiments were repeated two times.
Western blot analysis. Cells were lysed in 10 mM Tris buffer, pH 7.4, containing 0.15 M NaCl, 1% Triton X-100, 1 mM EDTA and protease inhibitor mixture (Roche). The cell lysates were resolved on an 8-12% SDS-polyacrylamide gel, transferred on polyvinylidene difluoride membrane, and probed with antibodies. Antibodies against Rap1A/B, Rap1B, p-Paxillin (Tyr118), p-FAK (Tyr861), p-GR (Ser211), GR and HA-tag (C29F4) were from Cell Signaling Technology. Antibodies against FAK and Paxillin were from Millipore. Anti-actin and anti-GAPDH were from Santa Cruz Biotechnology. Protein expression levels were normalized to b-actin or GAPDH, and are presented as fold changes relative to the control. All experiments were repeated three times. Full scans of all western blots are included in Supplementary Fig. S11 .
Transwell cell migration and cell invasion assay. Cell migration and invasion boyden chamber assays were performed as previously described 42 . Cell migration was assayed in 8.0-mm Falcon Cell Culture Inserts (Corning), and, for the cell invasion assay, the BD biocoat matrigel invasion chamber was applied (Corning). Briefly, 5 Â 10 4 cells were suspended in DMEM (300 ml) and placed in the upper transwell of 0.3 cm 2 in area. The bottom well was filled with 500 ml DMEM with 10% FBS. After incubation of 6-16 h (migration) or 8-24 h (invasion), cells on the upper side of the inserts were removed by cotton swabs, and cells on the underside were fixed and stained with crystal violet. Photos of three regions were taken from duplicated inserts, and the numbers of cells were counted using Image J (NIH, USA). All experiments were repeated three times.
Wound-healing assay. Wound-healing assays were carried out by using migration culture dish inserts from Ibidi (Martinsried, Germany) or by using pipette tip to make a straight scratch. Cells were seeded in the chambers of the culture dish insert or 24-well plates and transfected with appropriate vectors. Forty-eight hours after transfection, cells were at full confluency, the insert was removed or a straight scratch was made by pipette tip, and the fresh culture medium was added to start the migration process. Pictures were acquired after 0-24 h using microscope with Â 4 objective (IX51, Olympus). Image analysis was performed using Image J (NIH). For migration area quantification, the cell-free area of each picture from 0 h to the end point was measured manually, and the migrating area was defined as the cell-free area at 0 h minus the cell-free area at the end point. All experiments were repeated three times.
Adhesion assay. SKOV-I6iv cells (2 Â 10 4 ) transfected with the GFP plasmid were plated on 24 wells pre-coated with FN (10 mg ml À 1 ; Millipore) or collagen I (10 mg ml À 1 ; BD) at 37°C for 1 h. The cells were rinsed with PBS for five times to remove nonadherent cells, and images of the cells before and after washing were taken using fluorescent microscope with Â 4 objective (IX51, Olympus). Ten fields were randomly selected, and the numbers of attached GFP-positive cells were counted. Data represent the average percentage of attached cells±s.d. from three independent experiments.
Cell proliferation assay. Cell proliferation assay was measured with the CellTiter 96 Aqueous One Solution cell proliferation assay (Promega). Assay was performed according to the methods described in the manufacturer's manual. Briefly, cells (1 Â 10 3 cells) were seeded in 96-well plates and incubated for various times, at defined time points, 20 ml of the CellTiter 96 AQueous One Solution Reagent was added and incubated for 2 h at 37°C. The quantity of formazan product, which is directly proportional to the number of living cells in the culture, was measured by absorbance at 490 nm with 96-well plate reader. Data are the means±s.d. from three independent experiments.
Fluorescence in situ hybridization and immunofluorescence. Biotin-labelled locked nucleic acid-modified RNA probes (GeneDireX), directed against the fulllength mature miR-708 sequence, were used for miRNA detection. Streptavidinhorseradish peroxidase IgG and tyramide signal amplification reactions (PerkinElmer) were used to detect the hybridized probes. Immunofluorescence was carried out using antibodies against p-FAK, p-Paxillin, FAK, paxillin or HA-tag (Cell Signaling), or Rhodamine Phalloidin (Invitrogen) in 1:100 dilution, and Alexa Fluor 488, 594 or 647 coupled antibodies (Invitrogen) were used as the secondary antibodies in 1:500 dilution. The slides were mounted and images were captured using fluorescence microscopy (IX51, Olympus; or DM2500, Leica) or confocal microscopy (TCS-SP5, Leica). The intensities of fluorescence signals in the tumour regions were quantified using Image J.
Assay for FA and cell spreading. SKOV-I6iv cells were trypsinized, plated on fibronection (10 mg ml À 1 ; Millipore)-coated coverslips and incubated at 37°C for 90 min in DMEM. According to the methods described by in ref. 43 , FAs were detected with anti-paxillin antibody, and actin was visualized using Rhodamine Phalloidin (Invitrogen). Images were acquired using confocal microscopy (TCS SP5, Leica) with Â 63 objective lenses. Image J was used to quantify cell spreading and FA staining. At least 30 cells per condition were analysed. To avoid bias, all of the cells imaged from a single field of view were analysed. Images were taken from two or three independent experiments and combined together. Cells were selected using the threshold function, to measure either the whole area of the cell, or the areas stained for FAs. FAs were analysed by measuring the total area per cell that stained for paxillin, and was standardized to the mean area of FA staining measured under control conditions. Total areas of each cell were measured from phalloidin staining and the spreading index was determined by standardizing to the mean size of cells under control conditions. Data are presented as the means ± s.e.m.
Mouse tail-vein injection and orthotopic metastasis model. In tail-vein injection, SKOV-I6iv cells (1 Â 10 6 ) with different gene modifications were harvested and re-suspended in 100 ml PBS. The cells were injected intravenously through the tail vein into 6-to 8-week-old CB17/lcr-Prkdc scid/Crl mice (BioLasco, Taiwan). All the mice were killed 3 weeks after injection. The lungs of mice were harvested, fixed with formalin, sectioned and subjected to haematoxylin and eosine (H&E) staining. Ten pictures were captured from each H&E-stained slide, and total areas of metastatic nodules per field were counted using Image J. In the orthotopic implantation, SKOV-I6iv cells (1 Â 10 6 ) with different gene modifications were harvested and re-suspended in 20 ml PBS containing 50% Matrigel (BD Biosciences). Cells were injected intrabursally into the ovary of 6-to 8-week-old CB17/ lcr-Prkdc scid/Crl mice. In the experiments with DEX treatment, 5 mg ml À 1 DEX was dissolved in ethanol and further diluted in PBS for injection of 50 mg kg À 1 per time, and then intraperitoneally injected into mice three times a week starting from day 5 after cell implantation. Tumour growths and abdominal metastases were monitored by live animal BLI (Caliper IVIS system, PerkinElmer). Abdominal metastases were quantified by total BLI signals of each mouse minus primary tumour BLI signals ( Supplementary Fig. 1f ). Mice were killed after 30 days of implantation. Abdominal organs were collected and homogenized in Trizol (Invitrogen) by TissueLyser II (QIAGEN). Micrometastases in different organs were quantified using real-time RT-PCR by detecting human-specific GAPDH levels and normalized to universal b-actin levels. All procedures were carried out under approved Institutional Animal Care and Use Committee protocols.
